X-ray photoelectron spectroscopy of graphene is important both for its characterization and as a model for other carbon materials. Despite great recent interest, the intrinsic photoemission of its single layer has not been unambiguously measured, nor is the layer-dependence in free-standing multilayers accurately determined. We combine scanning transmission electron microscopy and Raman spectroscopy with synchrotron-based scanning photoelectron microscopy to characterize the same areas of suspended graphene samples down to the atomic level. This allows us to assign spectral signals to regions of precisely known layer number and purity. The core level binding energy of the monolayer is measured at 284.70 eV, thus 0.28 eV higher than that of graphite, with intermediate values found for few layers. This trend is reproduced by density functional theory with or without explicit van der Waals interactions, indicating that intralayer charge rearrangement dominates, but in our model of static screening the magnitudes of the shifts are underestimated by half.
In addition to providing an elemental fingerprint, the kinetic energies of electrons ejected from the core levels of atoms carry information on their local bonding and dielectric environment due to the screening of the core hole during the photoemission process. X-ray photoelectron spectroscopy (XPS) can thus be used to study the surface composition of materials, and is a powerful probe of the chemical and electronic structure of low-dimensional carbon nanomaterials [1] , including nanotubes [2] and graphene [3, 4] . Besides its superb properties and potential technological relevance, graphene is an useful model system for the physics of photoemission.
Since core electrons are localized and do not participate in chemical bonding, narrow linewidths of core level signals can be expected. However, in graphene the C 1s levels do show some dispersion [4] , and more importantly, their photoemission signal has significant asymmetry towards higher binding energies due to excitation of low-energy electron-hole pairs screening the core hole in metallic systems [5] . The C 1s core level binding energy (BE) of graphite is known to be 284.42 eV [6] [7] [8] (photoelectron signal with a 160-180 meV lifetime broadening and an asymmetry of 0.05-0.065 [6, 7] ). A second occasionally measured component shifted to higher BEs by 120-194 meV has been attributed to the surface layer [8, 9] , but this has been disputed [4, 7] .
On metallic substrates where graphene is typically grown, large Dirac point variations [10] lead to monolayer BEs ranging from 283.97 eV on Pt(111) [11] to 284.7 eV * Author to whom correspondence should be addressed: toma.susi@univie.ac.at on Ni(111) [12] , and for epitaxial graphene on SiC, the monolayer value was found to be ∼0.4 eV upshifted from that of a four-layer area [3] . It is thus clear that the environment significantly affects the BE. A measurement of its intrinsic value for suspended monolayer graphene, only possible with spatially resolved XPS, has to date not been performed, hampering metrology and efforts to further increase the precision of modeling [13] . We combine synchrotron-based scanning photoelectron microscopy (SPEM) with atomic resolution scanning transmission electron microscopy (STEM) and Raman spectroscopy to comprehensively characterize suspended graphene areas, and to measure their high-resolution XPS spectra. We find the intrinsic BE of the monolayer to be 284.70±0.05 eV, with bilayer and four-layer found respectively at 284.54 and 284.47 eV. Regardless of whether van der Waals interactions are explicitly included, density functional theory correctly predicts this trend, but underestimates the magnitude of the shifts.
Our first graphene sample was synthesized by chemical vapor deposition (Quantifoil R R 2/4, Graphenea), and the second one by mechanical exfoliation, both transferred onto gold support grids with perforated carbon membranes. The first sample contains a good coverage of mostly monolayer (1L) graphene, with occasional grain boundaries and small multilayer grains, while the second one has regions of variable layer thickness. To clean the samples from residual contamination, we used vacuum laser annealing, capable of producing samples with atomically clean areas spanning several hundreds of nm 2 [14] . The samples were further annealed in vacuum at 500
• C prior to the spectromicroscopy experiment to reduce any contamination absorbed during the ambient transfer.
The BEs were measured using X-ray SPEM at the Escamicroscopy beamline of the ELETTRA synchrotron [15] . The suspended graphene areas were first located by imaging, and spectra then collected from 130 nm spots given by the demagnifying action of a Fresnel zone plate on the X-ray beam produced by the synchrotron storage ring. The photon energy was 401.03 eV (Au 4f reference), with an energy resolution of 180 meV.
To characterize the morphology of the measured areas down to the atomic level, we observed them in a Nion UltraSTEM100 electron microscope operated at 60 keV in near-ultrahigh vacuum (beam convergence semiangle 30 mrad and medium angle annular dark field [MAADF] detector angular range 60-200 mrad). Brighter contrast in the images corresponds to greater scattering and thus greater sample thickness. The sample was baked in vacuum at 130
• C for 16 h before insertion into the microscope through the ambient.
We also mapped the same areas in air using diffractionlimited confocal Raman spectroscopy (Witec Alpha300R, Witec GmbH, Germany). The focused 532 nm laser spot diameter at 1 mW power was ∼250 nm (-6 dB), and the sample was laterally translated using an integrated piezo stage. The scan window was 3×3 µm 2 in size, consisting of 10 000 spectra (100×100) each integrated for 500 ms. To improve the signal to noise ratio, the data was downsampled with a 6×6 pixels sliding window median filter followed by background subtraction.
Based on the X-ray photoemission contrast and the center markings of the TEM grid, we were able at the SPEM instrument to precisely identify the holes in the carbon support film over which the graphene was suspended, and later find the same areas with both STEM and Raman. In total we measured over 20 suspended areas, which mostly show similar spectral and morphological characteristics. The data allow us to disentangle three different influences on the core level signal ( Figure 2 shows cleaner and dirtier monolayer regions, and a boundary between two misaligned grains. This allows us to address the influence of contamination or defects (Fig. 1) . We find neither to greatly affect the C 1s position, only causing slight broadening without apparent increase in the asymmetry of the peak. The broadening may be explained by a convolution of the graphene spectrum with that of the residual overlying carbonaceous contaminants [14] , with possible small contributions from non-sp 2 carbon within the graphene lattice itself.
The area where we measured the sharpest monolayer C 1s response also included a thicker region, shown in Fig. 3 . A Raman spectrum map suggests this to be 4-6 layers (2D/G areal intensity ratio is ∼1.9 for the multilayer and ∼5.8 for the 1L). Interestingly, our narrow Fig. 2 , clean 1L and multilayer in Fig. 3 ), and twolayer (2L) and four-layer (4L) graphene in Fig. 4 . The inset gives a deconvolution of the 1L spectrum, which contains small residual contributions from non-graphitic carbon.
(23.1 cm −1 full width at half maximum [FWHM]) 1L 2D peak at 2689 cm −1 is shifted by 15-20 cm −1 with respect to typical suspended graphene [16] , and has a slight asymmetry towards the higher shift side. The core level binding energy of the monolayer is found at 284.70 eV (with a FWHM of 0.44 eV including a Gaussian width of 0.3 eV to describe thermal broadening and our energy resolution, and a Doniach-Šunjić asymmetry parameter of 0.095), while for the multilayer, it is very close to that of graphite at 284.46 eV (Fig. 1) .
These findings suggest that residual contamination or the small D band in the monolayer Raman spectrum in Fig. 3 (unsurprising considering the long Raman scattering activation length [17] ), cannot be responsible for the observed large shift in the BE of the monolayer. The presence of the multilayer region and its observed BE serves as an additional reference for energy calibration, giving us full confidence in the observed monolayer value.
In addition, we characterized an exfoliated sample including a spot with stepwise varying layer number (Fig. 4) . We imaged the same area with STEM before and after the SPEM measurements, finding that vacuum annealing preceding spectromicroscopy was able to nearly completely clean even multilayer areas. Raman spectroscopy (2D/G areal intensity ratio of ∼2.5) and STEM imaging show the thinnest region to be a bilayer, although sample distortion caused by the heat treatments has induced non-planarity that prevented us from obtaining better than lattice resolution. Nonetheless, comparison of the contrast in the thinnest region to an image simulation along with the stepwise increase in MAADF intensity indicate the presence of 2, 4 and 6 layers. The SPEM map over the same region thus allows us to obtain Morphology and spectrum maps of monolayer graphene as probed by correlated scanning transmission electron microscopy (STEM, 60 keV, MAADF detector), scanning photoelectron microscopy (SPEM, 401.03 eV photon energy, 128x128 pixels of 0.02 µm 2 , cropped images integrated over the C 1s response), and electron diffraction (ED, 5 kV). The colored circles approximate the size of the X-ray spot (and correspond to the spectra in Fig. 1 ) and the scale bar applies to both STEM and SPEM images, which display the same sample area. The colored circles approximate the size of the X-ray spot (and correspond to spectra in Fig. 1 ). The STEM and SPEM images show the same sample area. additional XPS spectra for few-layer graphene (Fig. 1) . We find that the C 1s binding energy varies nearly linearly with layer number, similar to what has been found for epitaxial graphene [3] . Since our samples are suspended, however, we can be confident that these shifts are due to intrinsic differences in the screening of the core hole, and not affected by a substrate. Via concurrently measured valence band photoemission, we found no shift of the Dirac point within our energy resolution (sufficient to distinguish shifts on the order of 100 meV, as observed for the C 1s). Suspended multilayers are also possible to unambiguously model, allowing us to turn to density functional theory simulations.
To understand the physical origin of this shift, we calculated the C 1s BEs of monolayer and slabs of ABstacked bi-, tri-and four-layer graphene using total energy differences implemented via core projectors [13, 18] in the Gpaw package [19] . This level of theory is able to approximate the static screening of the core hole by the conduction electrons (potentially also from neighboring layers). In each case, we used large 5×9 supercells of the orthorhombic 4-atom unit cell to minimize spurious interaction between the periodic images of the core hole [13] . We tested several exchange-correlation functionals: in addition to the local density approximation (LDA) [20] and the Perdew-Burke-Ernzerhof (PBE) [21] generalized gradient approximation, two functionals based on nonlocal van der Waals correlations (vdW-DF family, with the spin generalization based on [? ] ) from the libvdwxc library [22] , vdW-DF2 [24] and C09-vdW [25] .
To obtain the geometries, we first relaxed [26] orthorhombic four-atom unit cells of single-and few-layer graphene with a plane-wave basis (600 eV cutoff energy, 12Å of perpendicular vacuum, 9×15×1 Monkhorst-Pack k-points, maximum force <0.0002 eV/Å). We then calculated the total energy difference E B between each ground and first core-excited states (finite-difference grid spacing 0.19Å, 3×3×1 k-points) in a square 5×9 supercell with 180 C atoms per layer (up to 720 for the four-layer cell). These cell sizes and k-point meshes yielded BEs converged within a few tens of meV, and within a few meV for their differences. The calculated BEs for each layer number are listed in Table I . We find that, apart from expected differences in absolute values [13] , all functionals predict the correct trend, with a downshift from monolayer to four layers of around 100 meV. The magnitude of this shift is less than half of our experimental value, regardless of whether van der Waals interactions were explicitly included, and regardless of the relaxed layer spacing. This indicates that the screening effect of adjacent layers is well described by charge rearrangements within each layer. However, the static screening included in our model only accounts for part of the full screening effect, suggesting that higher levels of theory will be required for further accuracy.
To conclude, by correlating electron microscopy with Raman spectroscopy and synchrotron-based scanning photoelectron microscopy, we have for the first time measured the core level photoemission response of comprehensively characterized suspended mono-and few-layer graphene areas. We find that contamination or grain boundaries slightly broaden the signal, whereas the core level binding energy of the monolayer is upshifted by 280 meV from the value in graphite, with intermediate values found for two-and four-layer graphene.
While the observed shifts are in good agreement with those measured for few-layer epitaxial graphene [3] , any small Dirac point variations in suspended monolayers due to charge transfer doping [27] cannot here explain the magnitude of the shift. Further improvements in modeling are required to precisely reproduce the photoelectron signal, although our close agreement between all our functionals indicates that van der Waals interactions between adjacent layers do not play a significant role. 
